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This manuscript details the experimental analysis of a curved electrode actuator designed for mechanical 
manipulation of biological cells in a viscous, underwater environment. The actuator achieves large displacements (1-
20 μm) and generates large forces (1-50 μN) at low actuation voltages (≤8 V) over 1-3000 Hz frequency range in 
viscous dielectric media, namely deionized water and methanol. 
 
Electrostatic actuators have the potential to physically probe biological cells [1]–[3]. Our previous static analysis of 
a curved electrode actuator showed that the actuator should be able to deform a cell with the appropriate force and 
deformation strain [1]. As a next step, we are investigating the dynamic response of these actuators in viscous media 
for high-throughput bioMEMS applications [4]. Our actuator comprises of three main components: a beam 
electrode, a set of four curved electrodes, and a reinforcing beam (Figure 1). The beam electrode and reinforcing 
beam together form the compliant clamped-clamped structure, while the curved electrodes are immovable and rigid. 
Upon energizing the actuator by supplying amplitude-modulated voltages VA and VB, the actuator shuttles back and 
forth in-plane. Here, the actuator operates in one of the three modes: nonzipped, partly zipped, and almost zipped. In 
the nonzipped mode, the beam electrode does not come in physical contact with the curved electrode and therefore 
the length of contact between the electrodes is zero. On the contrary, the length of contact between the electrodes is 
up to 75% of the beam electrode length for the partly zipped mode and at least 75% of the beam electrode length for 
almost zipped modes. 
  
In this study, we fabricate the actuator from a silicon-on-glass wafer using standard micromachining methods and 
characterize the actuator dynamics in deionized water and methanol in terms of actuator displacement at different 
voltage amplitudes of VA, VB ϵ [4, 8] V and actuation frequencies f ϵ [1, 4096] Hz using our test facility (Figure 2). 
The inverted microscope and high-speed camera are used for cinephotomicrography of the actuator, the NI PCIe-
6343 DAQ card for triggering the camera, and a function generator for generating the actuation voltages VA and VB.  
 
We evaluate the actuator with the following criteria: peak-to-peak displacement (1-20 µm), force generation (1-50 
µN), and operating frequency (1-3000 Hz). The actuator response in deionized water shows that the actuator 
achieves peak-to-peak displacements on the order of a cell diameter (20 µm) at 1 Hz actuation frequency for 8 V 
actuation voltage (Figure 3a). The actuator behaves like a linear and a nonlinear system for nonzipped and zipped 
operation modes, respectively. In the zipped operating mode (8 V) for an input sinusoidal forcing function on the 
actuator, higher harmonics f2n+1 in the actuator are excited – characteristic of a nonlinear system (Figure 3b). 
However, in the nonzipped mode (4 V), the higher harmonics vanish and the actuator behaves like a linear system. 
 
The dynamic performance of the actuator over the entire operating range in deionized water and methanol media is 
characterized by generating frequency response plots. For low actuation voltages (4 V), the actuator operates in 
nonzipped mode (Figure 4) with small peak-to-peak displacement amplitudes (< 8 µm). From Figure 4, we can 
make two observations. One, the zipping process in the actuator greatly enhances the actuator displacement, at least 
doubling the displacement. Two, the frequency bandwidth of the actuator depends predominantly on the operating 
mode or the actuation voltage. For instance, the actuator cut-off frequencies fc in deionized water for partly zipped (5 
V) and almost zipped (8 V) modes are about 80 and 200 Hz, respectively. A similar observation can be made for the 
actuator in methanol media. From Figure 4a inset, the actuator response plots for both zipped (8 V) and nonzipped 
(4 V) operating modes show that the slope is about -20 dB/decade indicating that the actuator behaves like a first 
order system. This is expected as the actuator is overdamped due to the viscous microfluidic environment.  
 
As a part of our future work, we aim to integrate this curved electrode actuator into a microfluidic channel with a 
displacement sensor such that the sensor and actuator in tandem can compress biological cells and measure Young’s 
modulus of cells at a rate of about 100 cells/s [4]. 
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Figure 1: Curved electrode actuator. (a)  
Unenergized state (b) Energized state (c) Actuator 
actuation voltages VA and VB (d) Actuator 
oscillations 
 
Figure 2: Schematic of actuator characterization test 
set up. The red-colored box shows the region of 
interest used for displacement measurements. 
 
 
Figure 3: Measured actuator response in deionized 
water (a) Actuator displacement trace for nonzipped 
(4 V) and zipped (8 V) at 1 Hz (b) Fast Fourier 
transform (FFT) of the measured actuator 
displacement at 1 Hz actuation frequency in zipped 
and nonzipped operations. The nondimensional FFT 
amplitude ‘a’ is scaled with actuator amplitude. 
 
Figure 4: Measured frequency response of the 
actuator for different actuation voltages in (a) 
deionized water (b) methanol. 
